Unraveling the molecular complexities of human heart failure, particularly end-stage failure, can be achieved by combining multiple investigative approaches. There are several parts to the problem. Each patient is the product of a complex set of genetic variations, different degrees of influence of diets and lifestyles, and usually heart transplantation patients are treated with multiple drugs. The genomic status of the myocardium of any one transplant patient can be analysed using gene arrays (cDNA-or oligonucleotide-based) each with its own strengths and weaknesses. The proteins expressed by these failing hearts (myocardial proteomics) were first investigated over a decade ago using two-dimensional polyacrylamide gel electrophoresis (2DGE) which promised to resolve several thousand proteins in a single sample of failing heart. However, while 2DGE is very successful for the abundant and moderately expressed proteins, it struggles to identify proteins expressed at low levels. Highly focused first dimension separations combined with recent advances in mass spectrometry now provide new hope for solving this difficulty. Protein arrays are a more recent form of proteomics that hold great promise but, like the above methods, they have their own drawbacks. Our approach to solving the problems inherent in the genomics and proteomics of heart failure is to provide experts in each analytical method with a sample from the same human failing heart. This requires a sufficiently large number of samples from a sufficiently large pool of heart transplant patients as well as a large pool of non-diseased, non-failing human hearts. We have collected more than 200 hearts from patients undergoing heart transplantations and a further 50 non-failing hearts. By combining our expertise we expect to reduce and possibly eliminate the inherent difficulties of each analytical approach. Finally, we recognise the need for bioinformatics to make sense of the large quantities of data that will flow from our laboratories. Thus, we plan to provide meaningful molecular descriptions of a number of different conditions that result in terminal heart failure.
Introduction
In this review we outline our plans for achieving a comprehensive analysis of the molecular defects present in end-stage failing human hearts. Our approach has been to select the best available techniques and practitioners in the fields of genomics, proteomics and bioinformatics and combine them into a coherent multifaceted investigation in which the defects (or potential defects) of any one technique are minimised by information from other, complementary techniques.
Information from the genomics of human heart will be derived from gene arrays based on either short oligonucleotide sequences or long cDNA nucleotides. Proteomics information has traditionally arisen from two-dimensional gel electrophoresis, a technique that has recently benefited from narrow range first dimension pI separations and mass spectrometry to identify the separated proteins. A more recent and in many ways more problematic proteomic approach is the separation, identification and rough quantification of proteins based on the protein equivalent to gene arrays. Commercial protein arrays have only now become available and none are yet specialised for examining myocardial proteins.
Finally, we recognize the need to integrate, codify and standardize the large amounts of information that are likely to come from this study. We describe our approaches in the expectation that International colleagues will be tempted to join with us and contribute to the project. Together we should make speedier progress towards understand the molecular nature of changes associated human heart failure.
Gene arrays
Gene array technology for analysis of changes in gene expression in failing human hearts is now well advanced. Initial sequencing of the human genome suggested it contains an estimated 32,000 genes (Lander et al., 2001; Venter et al., 2001 ) and more recently this figure has been revised downwards (Collins et al., 2003) .
In principle, since the sequence of each gene is known, it can be precisely probed using gene arrays that contain either robotically-arrayed full length (or nearly full length) cDNA cloned probes, or using shorter (approximately 25 base pair) oligonucleotides that are synthesized on glass. The assumption that in practice each probe accurately quantifies the expression of the corresponding gene may be overly simplistic. For eukaryotes, the correlation between the quantity of mRNA and the quantity of the corresponding protein can be poor (Le Naour et al., 2001) . Despite these concerns, gene arrays remain the most extensive source of reliable information on the molecular status of an organ like the human heart.
Gene arrays start with intact RNA
In order to make proper use of any microarray technology, it is essential to have a sufficient quantity of intact RNA, isolated from human tissue samples representing a 'normal' or 'disease' state. Typically, the RNA is converted to cDNA and fluorescently labelled. This cDNA 'probe' is then applied to the microarray and allowed to hybridize overnight. At least 10 lg of RNA per array is required in order to generate a reliable signal on the CardioChip. 10-100 ng of RNA is sufficient for the AffyChip, if a second amplification step is used, for example with biopsy samples.
Oligonucleotide and cDNA arrays
Two DNA microarray technologies are currently in use for the study of human disease. The first is the Hu133 'AffyChip', an oligonucleotide array manufactured by Affymetrix that contains 22,000 transcripts representing the major transcripts of the human genome. The second, technology is the spotted cDNA arrays. These are both commercially available or can be manufactured in-house (Barrans et al., 2002; Hwang et al., 2002) . One example of the latter is the 12,000-element 'CardioChip' (Barrans et al., 2001) . The CardioChip consists of unique cDNA clones of heart libraries that have been partially sequenced (i.e. ESTs) and annotated. This particular array is customized for the study of heart failure. It contains known cardiovascular-related genes as well as a broad selection of novel genes and ESTs derived from our laboratory's heart cDNA library. The layout consists of 2761 known genes (25.5% of the array), 3406 matched ESTs (31.4%), 4489 novel ESTs (41.4%) and 192 bacterial controls (1.8%). A representative CardioChip (Figure 1 ) compares Cy3 (red) labelled non-diseased and Cy5 (green) labelled failing heart samples. Fig. 1 . cy3: Normal adult heart, cy5: failing heart.
Gene clustering
The major advantage of DNA microarray technology lies in its ability to profile and compare thousands of genes simultaneously between several mRNA populations. However, the utility of the DNA microarray extends beyond the concept that it is a novel tool for large-scale transcript profiling and identifying differences in expression between single genes.
It is the wealth of data generated from a series of transcript profiling experiments that makes this technique so powerful. Groups of data can be analyzed to determine the level of 'relatedness' between genes or samples in multiple dimensions. Basically, using a set of expression fingerprints or profiles, similarities and differences in gene expression are capitalized on in order to group or cluster different mRNA populations or genes into discrete, related sets or bins. This is extremely powerful as the clusters of co-regulated genes often belong to the same biological pathway, or even to the same protein complex. Thus the clusters of mRNA populations defined by their 'expression fingerprint' provide a means of defining differences between samples that would not otherwise be possible.
Gene clustering between mRNA populations can be viewed from two perspectives. Clustering over a timecourse can identify genes with a similar function because the expression of functionally related genes tends to be regulated, and thus expressed, in a similar manner (e.g. genes involved in G1 of the yeast mitotic cell-cycle). This is an important concept, as even genes with no known function can now be placed into a biological pathway.
Alternatively, clustering genes between several mRNA populations from a single time point can identify a vast number of associations between the expression of a cluster of genes and a biological phenotype such as marker or sentinel genes. Thus, through clustering the complete sets of gene expression data generated from samples, several gene clusters will be identified and examined to determine the specific relationship with each particular mRNA population. Furthermore, these results can be extended to define different etiologies of cardiomyopathies.
A focus on different causes of human heart failure Over the past 4 years, we have examined a limited number of explanted heart samples representing hypertrophic and dilated cardiomyopathies (Barrans et al., 2002; Hwang et al., 2002) and suggested that 200-300 genes may be involved in the processes of developing heart failure. Through cluster analysis of gene profiles, donor (n ¼ 6), hypertrophic (n ¼ 3) and dilated (n ¼ 6) samples can be clustered distinctively.
Over the past decade or so, we have accumulated a collection of over 250 explanted hearts from patients undergoing heart transplantations. Based on our available samples we have selected: (1) non-familial idiopathic dilated cardiomyopathy; (2) doxorubicinpoisoned myocardium; (3) peripartum cardiomyopathy; (4) hypertrophic cardiomyopathy; (5) failure due to known genetic causes (including Eisenmenger, Ebstein, and Holt-Oram syndromes, Beckers muscular dystrophy) and (6) ischemic heart disease particularly the diffuse type. Multiple samples have been harvested from left and right ventricles and atria as well as other tissues such as coronary arteries and aorta.
This large collection will help us to define the biological pathways and clusters of genes related to the etiology of heart failure. For example, we can now select multiple examples of idiopathic dilated cardiomyopathy that are essentially free of coronary vascular disease. Importantly, we now have nearly 60 examples of non-diseased, donor hearts that can act as 'controls' for the failing hearts.
AffyChip or CardioChip: which is better?
We are aware that a major question currently concerns which of the two microarray technologies is superior? Actually, we feel that neither is superior and that both can have ideal or equivalent situations for use. Thus one or the other should be selected based on an appropriate context. Of course, there are inherent advantages and disadvantages to both technologies. These are summarized as follows:
We feel that both technologies should be used concertedly. They can complement each other and allow us to take the best approach to identify the genes/pathways involved in investigations into the molecular basis of heart failure ( Table 1) .
Two-dimensional gel electrophoresis
Proteomics is the study of the protein complement present in a cell at any given moment in time. In part they reflect the genome, but they also mirror changes due to further cellular processes resulting in co-and post-translational modification (PTM) events, including for example acetylation, phosphorylation and oxidation. Figure 2 is an example of a silver-stained 2-D PAGE gel where the proteins from a non-failing, 'normal' samples of human ventricle are separated in the first dimension on a 3-10 pH gradient and in the second dimension on a 10% acrylamide gel.
The excitement surrounding proteomics focuses on the potential to elucidate the molecular mechanisms that control normal cell and organ functions as well as, the potential to identify proteins responsible for initiation and progression of disease. In this respect, the proteins that change as well as those that do not are key to our understanding of the subtle and complex manner in which the cells adapt to pathophysiological stimuli resulting in disease. This is especially true with heart failure, a complex multi-factorial disease/disorder ultimately diagnosed on the basis of the inability of the heart to maintain sufficient cardiac output to meet the metabolic needs of the body.
Potentially, there are many sub-proteomes within cardiomyocytes capable of causing reduced cardiac output. Proteomic analysis can certainly help in sorting out which families of proteins are affected. The outcome of a proteomic experiment is a long list of proteins can change (or not change) due to the heart failure process. The ultimate goal is to differentiate the protein changes that are causative versus those that occur as a result/ effect of the disease. To discern 'cause vs. effect' requires foresight in experimental design and quantitative analyses of the proteomic data.
Proteomic experimental design
There are several experimental strategies that can assist in addressing this issue. The first is based on the assumption that protein(s) altered early after the initiation or trigger of heart failure may subsequently cause downstream protein changes. This connectivity is key to understanding the far-reaching cellular dynamics and interconnections.
To obtain this information it is prudent to undertake temporal protein profiling. In other words, to carry out in-depth proteomic analysis on a series of tissue samples, preferably from the same patient or animal model, obtained over the time course of the disease progression.
It would be even more powerful to match clinical and physiological measurements (such as cardiac output or ejection fraction), and pharmacological records obtained over the same time course. For example, using the reversible, fast, pacing-induced canine model of heart failure, proteomic analysis was carried out on dogs in end-stage heart failure. Cardiac output was tracked in these animals by echocardiography giving raise to physiologically relevant time points for the collection of proteomic data. In this study, we (Heinke et al., 1998 (Heinke et al., , 1999 showed that a relatively small number of proteins from a 2-D gel database of around 2000 protein spots changed with end-stage heart failure.
Of the 70 proteins that showed quantitative changes in the failing heart, 42 were present at reduced abundance, while 28 were increased. After identification, these proteins were assigned to three broad functional classes: (1) proteins associated with mitochondria and energy metabolism; (2) cytoskeletal and myofibrillar proteins; and (3) proteins associated with cellular stress responses (Corbett et al., 1998 ).
An interesting aspect of this model is that after pacing was stopped, the hearts reverted to 'normal' function. An investigation into whether there is concomitant 'normalization' of the alterations to the cardiac proteome will of great interest.
Temporal profiling
Temporal profiling of the human myocardium proteome during the development of heart failure is not possible for many reasons. Thus, an alternative strategy is required that will provide equal insight into 'cause vs. effect' of various changes within the proteome of the cardiac myocyte.
The second strategy is to undertake proteomic analysis of the same disease (or a particular phenotype) produced by different causative factors. For example, heart failure can be caused by ischemia, viral infection, genetic disorders and structural problems with the heart (valve insufficiency), each ultimately producing the same disease phenotype.
The same approach can be used where multiple animal models of the same disease are analysed. Regardless of whether experiments are conducted using human or animals, this second approach is based on the assumption that a disease caused by different triggers will have overlapping (common) protein changes. These represent either convergent points for the various mechanism or end-effectors of the disease phenotype.
It is these commonalities in mechanisms that may reveal key pathways or groups of proteins/targets for therapeutic intervention. However, one must keep in mind that in some cases the same end phenotype or function may arise by different groups of proteins. In the heart, contractile dysfunction can arise either through a change of Ca-handling proteins and/or the contractile/ myofilament proteins.
An example is the comparison of two different animal models of myocardial stunning. Myocardial stunning is defined as reversible cardiac dysfunction due to brief ischemic episode. In the rat isolated heart model, the myofilament protein, troponin I, is selectively proteolysed while in the in vivo swine model, the Ca-handling protein, phospholamban, undergoes target phosphorylation (for a review see Murphy and Van Eyk, 2001) . Both defects are able to produce the same overt contractile dysfunction, the hallmark of stunning. Therefore, although the phenotype is the same, a different sub-proteome is being altered. The lesson to be learned from this example is that unless one understands the physiological consequences of the protein changes, the link between disease pathways may not become clear.
Proteomic analysis of human end-stage heart failure has been carried out (Corbett et al., 1998) , in which samples of failing hearts resulting from both dilated cardiomyopathy and ischemic heart disease were compared with a small number of samples from 'normal' unused transplant donor hearts.
In spite of the inherent heterogeneity of the 2-D gel protein profiles obtained from this human population, we were able to show significant changes in some 93 proteins (80 decreased, 13 increased in abundance) from a total of a 2-D gel database of around 1600 protein spots. Interestingly, identification of these altered proteins showed them to be in the same three functional classes as described in our proteomic studies of heart failure in the paced dog model (Heinke et al., 1998 (Heinke et al., , 1999 .
A major limitation to these studies is the lack of large numbers of clinically well-defined failing hearts. The greatly enlarged collection of human heart samples now available to us provides the power to weed out the background noise from the common disease-induced changes. What would be truly insightful is to have several hundreds heart samples to analyse using proteomic techniques. We are nearly there.
Proteomic technologies -2DGE
In order to understand the underlying molecular mechanisms of heart disease, it is critical that the most extensive observation of the proteome is achieved and that proteins are identified and PTMs characterized. Broad-based proteomics involves the systematic charac-terization of myocardial proteins most often by twodimensional gel electrophoresis (2DGE) followed by mass spectrometry, although alternative and complementary technologies exist. We and others have found that this type of broad-based screening represents a major experimental advance and is ideally suited to documenting the subtle, complex and dynamic changes to the proteome.
The cornerstone of proteomic analysis is 2DGE. This technique separates intact proteins in the first dimension (isoelectric focusing, IEF) based on their intrinsic pIs, and in the second dimension (SDS-PAGE), according to their molecular masses. With 2DGE, we are limited by the solubility of the proteome and therefore, we need to optimise the homogenization and IEF steps using various combinations of detergents (i.e. Stanley et al., in press) to maximize the quantity and types of proteins loaded onto the gel.
In some cases, optimization is required for a single key protein of interest (Labugger et al., 2002) . Furthermore, protein spot resolution and increased coverage of the proteome can be achieved using a variety of overlapping narrow pH gradient IEF gels for the first dimension (i.e. Westbrook et al., 2001) as well as by varying the extent of crosslinking used for the SDS PAGE dimension. Even so, with myocardial tissue we still have the problem of the highly abundant myofilament proteins dominating the myocyte proteome. Therefore, it can be helpful to use of modified extraction methods to remove the myofilament sub-proteome and enrich for the cytoplasmic and membrane proteins (Arrell et al., 2001) .
Alternative approaches involve isolation of a particular organelle (i.e. mitochondria - Taylor et al., 2003) or of a binding partner complex i.e. protein kinase C (Edmonson et al., 2002) . In any case, complex 2DGE gel image analysis is carried out to compare multiple gels and indicate protein changes (reviewed in Dowsey et al., in press ). Proteins are identified by in-gel digestion and mass spectrometry analysis of the resulting peptide fragments.
With peptide mass fingerprinting, the observed mass spectrum of the peptides are compared in silico to the known protein databases. In the case where the species or isoform of the protein is not present, identification can only be made on the basis of amino acid sequence homology. Amino acid sequencing maybe carried out with MS/MS to validate protein identification.
One important advantage to 2DGE analysis is the ability to detect PTMs that result in a change in pI or M r . However, it is still extremely challenging to characterize PTMs. Examples are phosphorylation of the elongation factor-2 (Jager et al., 2002) or myosin light chain 1. The latter is a protein previously thought to be unphosphorylatable (Arrell et al., 2001) . Another example is the apparently aberrant ubinquitination of several cardiac proteins (Weekes et al., 2003) .
A high level of skill and expertise is required to generate identical or nearly identical 2DGE gels. The technique is expensive, time consuming and limited to soluble proteins. These inherent limitations have driven the development of alternative or complementary proteomic methods. Examples of such techniques are liquid chromatography (one-dimensional or two-dimensional (2D/LC)) of proteins As with 2DGE, all of these methods have technical limitations, but if used collectively they can expand the observable proteome. Thus, in the future it will be come essential to use more than one method to analyse a particular proteome. Then limitations will be on sample size, technical expertise and funding.
Protein arrays
The conversion of gene array technology into protein arrays that can identify and quantify proteins is fraught with problems. There are distinct advantages for those that succeed but a series of technical challenges will have to be overcome before 'off-the-shelf ' proteins arrays become a reality. Protein arrays, particularly antibody arrays, can overcome the sensitivity problems of 2DGE proteomics and simultaneously offer the prospect of massive parallel processing of large numbers of proteins (Lal et al., 2002) . However, unlike the PCR reaction for nucleic acids, proteins cannot be amplified.
Advantages of protein arrays
As a strategy, it is a better to analyse expressed proteins rather than the mRNAs that encode them. The advantages include the ability to detect PTMs and the certainty that a protein has been expressed in response to an altered gene expression. Several years ago we reported (Bennetts et al., 1986) there was little or no correspondence between the amounts of mRNAs (determined from Northern blots) of a-cardiac and askeletal muscle actin isoforms and the total quantity of translated actin determined from one-dimensional PAGE gels. The same is true for cardiac myosin heavy chain expression, namely changes observed in myosin heavy chain mRNA did not correspond to changes at the protein level (Coumans et al., 1997) . Although this is clearly not true for all myocardial proteins, the correspondence of changes in gene arrays and proteomics in the analyses of eukaryotic cells can be quite poor (La Naour et al., 2001) .
The main challenge for protein array technology is the identification and quantification of proteins selectively retained on the arrays. This largely depends on ligand affinity.
Binding affinity and specificity
At present, specificity is mainly achieved using monoclonal antibodies. These, rather than polyclonals, are used because they can be reliably produced and have definable (although usually not precisely defined) epitopes. Their binding affinities need to be high, preferably in the picomolar range, but most monoclonal antibodies have lower affinities. The exceptional affinity of biotin for streptavidin has made these binding partners a popular choice for downstream detection.
Binding specificity also must be considered. Monoclonal antibodies are not necessarily the obvious choice for a capture device. It is true that monoclonal antibodies have highly specific epitopes but these epitopes are not necessarily unique. In fact, cross reactions with unexpected proteins can and do occur. Some years ago, we defined the epitope of a monoclonal antibody to myosin light chains. It turned out to be an unusual PTM, trimethyl alanine (Boey et al., 1992) . No other contractile protein has such a modification and we believed it to be unique. It was not. Another group also had reported an antibody directed against a nuclear protein which was almost certainly had the same epitope. Others have gone so far as to say that most monoclonal antibodies have some, limited degree of cross-reactivity.
An important issue is the preservation of activity of the capturing antibody. The chemical nature of the solid support is critical for the preservation of protein structure (Mitchell, 2002) . More than 50% of antibodies are thought to denature on solid planar surfaces such as glass, and considerable effort has been spent on ameliorating the forces that distort protein structure.
Finding and arraying the right antibody
Thousands of monoclonal antibodies are available for use in protein arrays and the number increases daily. Search engines are quite good at finding commercial sources (e.g. www.abcam.com) but research laboratories generate many more antibodies. Even when an antibody is directed against a protein, more than one clone may be available, each with a different affinity and epitope.
Once the right antibody has been identified, its use in an array is normally very economical. 50-500 pl can be delivered to an array surface, so it follows that the purchase of a single 0.5 ml sample of a monoclonal antibody will normally be sufficient to dispense onto very large numbers of arrays.
A reasonable estimate of the number of proteins expressed in a cardiomyocytes is about 10 4 , and gene arrays tell us that about 10% of these differ in nondiseased and heart failure (Barrans et al., 2002) . It is wise to employ more than one clone for those proteins whose expression is critically elevated (or depressed) and of course isotype and negative controls should be present in the array. At an average purchase price of about $200 per antibody, clearly the development of a comprehensive protein array for myocardial proteins associated with human heart failure can be costly. The cost of each antibody in an array will be small (<1 cent per antibody) so the cost per array will be dominated more by the cost of the solid supports (e.g. nitrocellulose-coated glass FAST slides from Schleicher & Schuell Biosciences), which currently are expensive. Special, modified glass slides (e.g. from OptArray) are about twice as expensive.
Surface denaturation of antibodies can be overcome by either capturing them by their Fc portions, or by immobilizing Fab fragments by their free cysteinyls that face away from the antigen-combining surface. Accelr8 Technology (www.accelr8.com) and Prolinx (www.prolinx.com) have developed novel three-dimensional coatings for solid supports that may reduce denaturation while increasing ligand densities. They also increase the cost.
Commercially available antibody arrays (BD Biosciences, Amersham) are arrayed on modified glass and at present contain only limited numbers (about 250-500) of antibodies. Like the early gene arrays, they will rapidly progress into more extensive devices while maintaining a unit cost of a few hundred dollars. Several companies now offer custom antibody arraying services but the range of antibodies from these companies is currently limited and tends to be specialised (e.g. for chemokines and cytokine receptors).
Initially, our choice of antibodies for a human cardiac protein array will be based on those suggested by the gene arrays (200-300 genes) and those identified by 2DGE (about 70 proteins). This number will be manageable in the start-up phase and can be expanded later.
Blocking indiscriminate binding
When a solid support is used to immobilize an antibody, the unoccupied surfaces generally must be blocked to prevent attachment of non-specific proteins. Usually a universal protein such as powdered skim milk can be used as effectively as more costly proteins like bovine serum albumin. No blocking protein will be ideal but skim milk is particularly problematic where biotinstreptavidin complexes are used in downstream detection because of the presence of biotin.
A better solution is to avoid the blocking process all together. One approach is to control the hydrophobilicy-hydrophilicy of the capturing surface. Hydrophobic surfaces bind most proteins better than hydrophilic surfaces but separation on this basis alone is unlikely to avoid the need to block. Two companies mentioned above have developed surfaces that do not seem to require the blocking step. Accelr8 Technology uses a cross-linked matrix combined with the selective capture of ligands via streptavidin-linked surfaces (to capture of biotinylated proteins), or via thiol-or amine-reactive surfaces to covalently attach proteins. Prolinx Inc. uses polymer 'brushes' containing phenyl(di)boronic acid that cross-reacts with proteins pre-modified with salicylhydroxamic acid.
Detection of bound proteins
Antibodies can be used to detect ligands captured by primary antibodies in what amounts to a solid state ELISA assay. There are at least two problems with this approach. Firstly, the detecting antibody must not have the same epitope as the capture antibody. Also, the antibody must have a sufficiently high affinity to detect low abundance components in the array. This can be achieved by labelling the second antibody with a fluorescent probe (these are often commercially available) but this approach can run into sensitivity problems. Clearly the assay is limited by the weakest binding affinity.
Another approach is to biotinylate the second antibody and then detect the biotin moiety with a streptavidin conjugated to a visible probe like HRP or a fluorescent label. Streptavidin is now available linked to magnetic microbeads (www.miltenyibiotec.com) or to streptavidin-conjugated Q-Dotsä(www.qdots.com). With these, levels of detection can be substantially lowered since single Qdots and microbeads can be unambiguously identified and quantified. None of these solutions compare with detection by mass spectrometry (see below).
Advantages of protein arrays over 2DGE gels
A major driver of protein array technology has been the short-comings of two-dimensional gel electrophoresis. We have already reviewed the substantial contribution of 2DGE gels to our understanding of the protein changes associated with heart failure in both man and animal models of human heart failure. The principal bottleneck with 2DGE is the identification of the proteins where more than one protein may be present per spot. MALDI mass spectrometry greatly improved this problem, and narrow range first dimension pI range strips also helped.
New generation seven tesla Fourier transform ion cyclotron resonance mass spectrometers are now available that can identify protein isoforms that differ by only a few Daltons (Lee et al., 2002) . These instruments may be expensive but they bring immense power to the problem of identifying protein differences between failing and non-failing hearts. They may even overcome a fundamental failing in the analysis of the proteome, namely absolute rather than relative quantitative evaluation of individual proteins.
Bioinformatics

Making sense of complexity
The goal of proteomics is to provide a mechanistic understanding of the exact proteome and of functional changes associated with heart failure, regardless of the triggering etiology. This understanding, when combined with insights obtained from genomic data, will help to identify overlapping and unique pathways that ultimately render the heart incapable of maintaining cardiac output. Although the exact relation between mRNA and protein quantity is not clear due to the effect of protein processing and turnover, these two processes are ultimately linked.
A collective understanding of the proteins involved in the genesis of heart failure will enable the design of new treatments and clinical interventions. To achieve this goal, additional information about protein localization, function and binding partners must be obtained. Proteomic experiments can reveal changes in protein expression (increase, decrease, de novo and isoform changes) and PTMs that may participate in a particular disease or process. This information will certainly lead to new hypothesis that can be tested experimentally.
The continuous cycling of discovery/proteomic science and hypothesis-driven experiments will eventually lead to a more complete understanding of heart disease. To handle the complex information that must be collected requires the application of bioinformatic techniques -the objective being to make sense of the accumulated data from the proteomic studies, the literature and other experiments carried out on a specific set of samples (review: Winslow and Boguski, in press).
The rapid pace of development of proteomics technologies and the resulting diversity and complexity of proteomics data poses special challenges. In particular, methods for structuring and searching proteomics databases to retrieve groups of proteins based upon wellknown pathways, functional classifications and specific PTMs must be developed. Methods for annotating and differentiating PTMs predicted from protein motifs using computational algorithms versus those for which there is direct experimental evidence are required.
Protein concentrations and other measured attributes should be compared with values determined in reference samples to enhance data quantification. With regard to protein identification based on MS, annotations must provide meaningful statistical measures of the quality of match.
Data representation and dissemination must be facilitated by the adoption of standards for data description. As an example of such an effort, the Human Proteome Organization is promoting the development of standard formats for the representation and exchange of MS and protein-protein interaction data and annotations. These formats are derivatives of extensible markup language (XML), a language that originated as a standard for document formatting, but which is now used as a format to transfer structured data of any kind over the World Wide Web.
Finally, Web services, a technology building on the ability of simple object access protocol (SOAP) to support distributed network communication, have great potential as a tool for making both data and compu-tational algorithms transparently available to other software applications. This will facilitate the machine discovery, communication, and analyses of proteomic as well as genomic data.
In addition, cell behaviour is regulated in a complex manner through a diversity of interacting gene expression, signal transduction, metabolic, and electrophysiological pathways. Pathway properties are themselves determined by factors such as the specific nature of molecular interactions, formation of multi-molecular complexes, and by subcellular localization. Representation of information on biological pathways in a form that supports complex querying and modelling is an important goal of post-genomics biology.
Finally, there is currently no single software platform with which data obtained using different proteomic methods (i.e. MS data, ICAT, 2DGE and 2D/LC) can be analysed simultaneously with physiological (i.e. echocardiographs) and genomic data. Clearly there is a need for software tools and database federation systems, which can track and analyse data samples collected using multiple means using statistical methods.
Today, we only have data obtained from different heart failure cohorts done under different circumstances and using different tools. As mentioned earlier, the inherent difficulty in dealing with such disparate data is those experimental limitations and heterogeneity in human samples due to 'haziness' around clinical diagnosis and the underlying affect of drugs and treatments.
In the best scenario, myocardial samples from the same large cohort of heart failure patients will be analysed by multiple broad based approaches. Eventually, given sufficient molecular information from a variety of proteomic techniques as well as genomics, will reveal why particular patient subpopulations have a better prognosis than others, or respond differently to therapeutic treatments. In the future, it will be possible to individualize diagnosis and treatment depending on in-depth knowledge of disease processes that produce given disease phenotype.
Conclusion
Never before have scientists conceptually or technically been able to perform large-scale protein gene analyses. Even given the limitations with current proteomic techniques there is still the ability to see deeply into the genome and proteome. There is a drive to develop more compressive algorithms that either stand-alone or can be used to enhance existing techniques. With these new developments, and with the goodwill that comes from collaboration, the future holds much promise.
